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Protein unfoldingWe determined the ability of Maltose Binding Protein and the polyelectrolyte dextran sulfate to enter into
and interact with channels formed by Staphylococcus aureus α-hemolysin. The entry of either macromolecule
in the channel pore causes transient, but well-deﬁned decreases in the single-channel ionic current. The
protein and polyelectrolyte were more likely to enter the pore mouth at the channel's cap domain than at the
stem side. When the cap domain was denatured in the presence of 4 M urea, the probability that either the
denatured protein or polyelectrolyte entered the pore from the cap-domain side decreased. For channels in
their native conformation, the polyelectrolyte-induced current blockades were characterized by two mean
residence times that were independent of the side of entry. For channels with a denaturated cap domain, the
mean polyelectrolyte residence times for relatively long-lived blockades decreased, while that for short-lived
blockades were unchanged. For denatured protein, we also observed 2 characteristic residence times that
were relatively fast. Only the relatively short-lived blockades were observed with native channels. When the
α-hemolysin monomers in aqueous solution were incubated in 4 M urea before channel formation, the two
characteristic residence times were greater than those for pre-formed pores that were subsequently
perturbed by urea. These times might correspond to the interactions between the unfolded protein and the
partially unfolded channel.© 2009 Elsevier B.V. All rights reserved.1. IntroductionTransport of macromolecules through membrane channels plays
an important role in many biological processes. Most experiments
trying to recreate this phenomenon use the same protein as a model
channel, α-hemolysin inserted into a bilayer lipid membrane. This
pore is an asymmetric mushroom shaped protein of beta-structures
[1]. At its widest and narrowest point, the pore diameter is 4.6 and
1.4 nm, the pore length is around 10 nm. The conductance of the pore
is higher at positive voltage than negative voltage with a non linear
transition around zero [2]. The pore is very stable as a function of
environment, temperature [3], pH [4] or urea [5] and it remains open
over extended periods. The ﬁrst experiment on the passage of one
single-stranded DNA through an α-hemolysin pore was performed in
1996 [6]. The single-channel ionic current decreased transiently
because of the transit of individual molecules through the pore. The
sensitivity of electrical detection of molecule transport through a
single protein channel has been used in many research areas.
Fundamental experiments of translocation have been performed toent et Comportements Cellu-
, 95302 Cergy-Pontoise Cedex,
ll rights reserved.study i) the dynamics of conﬁned neutral polymer [7] and conﬁned
charged polymer chains [8–15], ii) the peptide or polypeptide–pore
interaction [16–18] and mutant protein translocation [19], iii), the
translocation coupled to the protein unfolding [20], and iv) tomeasure
DNA–protein interactions [21]. In addition, several applications of this
technique are possible: the ultra-fast sequencing of DNA and RNA
[22;23], and the development of chemical and biological sensors
[24;25]. Recent developments also include the transformation of
nanopores into manipulation tools and force apparatus by active
control techniques [26–28]. Up to now few experiments have been
performed with channels to study the entry of charged macromole-
cules into the pore as a function of the channel geometry [29;30]. In
the study by Henrickson, et al., they found that, at a given
concentration of polynucleotide and magnitude of the applied
potential, the single-stranded DNA molecules were more likely to
enter the α-hemolysin pore from the cap domain entrance than from
the stem domain pore mouth. The authors of this work suggested
several reasons to account for those results: polynucleotide entry from
the cis side, large vestibule, may be favoured by a lower entropic
barrier and or an electrostatic attraction [29]. In the study of Kullman
et al., they show that the constant rates for sugar entering the
maltoporin channel differ signiﬁcantly for the cis and trans sides. The
sugar residence time in the channel does not depend on which side
the sugar is added [30].
Fig. 1. Single molecule analysis of polyelectrolyte pore entrance through different channel geometries. Experiments performed with native protein pore (left, panels a, c, e, g) or with
partially denaturated protein pore (right, panels b, d, f, h). Current traces through a protein pore inserted into a planar lipid bilayer in the presence of dextran sulfate (a, b, c, d), and
statistical analysis of an example of the measured current trace (e, f, g, h). We deﬁne the times Tt: duration of the transient and Ti: time between two transients (c). Distribution of
time intervals Ti (e, f). Distribution of blockade times Tt (g, h), continuous lines are single exponential ﬁts (e, f, g, h), dashed line is a double exponential ﬁt (g, h).
Notes to Table 1
Native: α-hemolysin channel without denaturing agent (#) or incubated with guanidium at 1.3 M (⊗).
Partially denaturated channel: the pore is formed before urea denaturation at 4 M (◊); the α-hemolysin is incubated in urea solution at 4 M before pore formation (⁎).
F (Hz): the frequency of blockade events.
t1 (μs): mean short blockade time.
t2 (μs): mean long blockade time.
A1/A2: is the ratio of the population of short events to the population of long events.
The applied voltage is V=+100 mV.
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Table 1
Comparison of unfolded protein and polyelectrolyte entrance through a native or partially unfolded channel inserted into a planar lipid bilayer.
Channel Molecule F (Hz) t2 (μs) t1 (μs) A1/A2
DS 23±4 181±20 50±10 13±3
DS urea 4 M 13±2 141±15 45±15 13±2
MBP gdm 1.35 M 178±36 256±92 42±10 174±33
MBP urea 4 M 66±11 548±176 186±26 14±7
MBP urea 4 M 87±21 730±132 370±33 17±10
DS 0.7±0.5 184±40 53±12 6±3
MBP gdm 1.35 M 71±10 283±31 83±19 3±0.6
DS urea 4 M 0.53±0.14 144±18 40±20 12±7
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Fig. 2. Urea denaturation of Maltose Binding Protein. Relative ﬂuorescence intensity
emission of MBP as a function of wavelength for different urea concentrations (a). A
sigmoid variation of ﬂuorescence intensity emission at 345 nm as a function of urea
concentrations is observed (b).
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bilayer as a function of a chemical denaturing agent, urea [5]. We have
performed two kinds of experiments, either the α-hemolysin pore is
formed before urea denaturation, or the α-hemolysin monomer is
incubated with urea prior to insertion into a lipid bilayer. For both
experimental conditions, the pore remains in the lipid bilayer up to
7.2 M urea and pore formation is observed up to 4.66 M. Analysis of
single-channel recordings of current traces reveals: a sigmoidal
decrease of current amplitude as a function of urea concentration
and at 4 M urea, a loss of current asymmetry which is associated with
vestibule protein denaturation of the α-hemolysin pore.
Motivated by this result and in order to separate the pore geometry
effect and the possible interactions between the molecule with the
channel, we have combined the study of the transport dynamics of
a polyelectrolyte, dextran sulfate, and unfolded protein, Maltose Bind-
ing Protein (MBP), through native or partially denaturated channels.
We probed the event frequency and the blockade duration through
the vestibule and stem side entry of the pore as a function of pore
geometry. In the presence of high salt solution, 1 M KCl, the
polyelectrolyte is not in a linear conformation but in a random coil
chain. In the presence of 4M urea or at 1.35M guanidium chloride, the
protein (MBP) is completely unfolded, so the conformation is probably
a random coil chain as well. Dextran sulfate was used to probe the
transport properties of electrical charged molecules through native
pores without any denaturating molecule.
At the stem and vestibule side entrance of the native pore, the
event frequency decreases and the two mean blockade durations are
similar, for the polyelectrolyte and for the unfolded protein.
If the entry and the transport of the chain through the pore are
mainly determined by the geometry of the channel, in 4 M urea, the
vestibule is completely unfolded and the pore length and diameter are
decreased, we expected a decrease of the event frequency and a
decrease of the long blockade events independently of the nature of
the chain, protein or polyelectrolyte. At 4 M urea, we have observed a
two-fold decrease of event frequency, for polyelectrolytes and
proteins, compared to native pore. This corresponds to a geometry
effect due to the reduction of the pore diameter.
The long blockade duration obtained with polyelectrolyte
decreases also and this is true for both sides of the channel. The
decrease of blockade duration could be correlated to a geometry effect
due to pore length decrease in the presence of urea. The duration of
short blockade is unchanged.
However, with the partially denaturated pore, short and long
blockade times increase for the unfolded proteins. This increase could
be associated to the interaction between the unfolded MBP and the
unfolded vestibule domain of the pore. The protein trying to enter the
pore by the stem side is succeeding more often than when trying to
enter the pore by vestibule side.
2. Materials and methods
2.1. Bilayers
Membrane lipid bilayersweremadebyusing thepreviously described
method [6;31]. In brief, a ﬁlm of a 1% solution of diphytanoylphospha-
tidylcholine-lecithine (Avanti) indecanewas spreadacross a150 μmwide
hole, drilled in a polysulfone wall separating the two compartments of a
chamber. Each compartment contains 1 ml of 1 M KCl, and 5 mMHEPES
pH 7.5. After thinning of the decane ﬁlm the planar bilayer is formed.
2.2. Polyelectrolyte and protein
The dextran sulfate sodium used has a molecular weight of 8 kDa
(Aldrich) corresponding to 31 monomers. One monomer bore two
negative charges. The ﬁnal concentration used was 0.5% (w/v),
prepared in 1 M KCl, 5 mM HEPES pH 7.5.We used the recombinantMaltose Binding Protein of Escherichia coli
(MBP) [32]. This protein with 370 residues (Mr=40,707) is negatively
charged (with a net charge Z=−8) at physiological pH. The ﬁnal
concentration used was 0.71 μM, in 1 M KCl, 5 mM HEPES pH 7.5.
DS and unfolded protein are entering by the vestibule side or by the
stem side of the native channel. For experiments with the partially
denatured channel, themolecules enter by the vestibule (cap) domain.
2.3. Native or partially denaturated α-hemolysin pore
2.3.1. Native pore
We placed 0.30 nmol of monomeric α-hemolysin (Sigma) from a
stock solution prepared in 1 M KCl, 5 mM HEPES pH 7.5, in the cis
compartment; the same volume of buffer solution was added in the
trans compartment. Alpha-hemolysin pore orientation into the lipid
bilayer is determined by I–V curves, the vestibule domain of the
channel is on the cis side or on the trans side.
2.3.2. Partially denaturated α-hemolysin pore
The hemolysin channel was formed before urea denaturation. After
insertion of an α-hemolysin channel into the lipid membrane bilayer,
an adjusted volume of urea at 8 M prepared in 1 M KCl, 5 mM HEPES
pH 7.5, was added to the cis compartment to obtain 4 M urea ﬁnal
concentration; the same volume of urea was added in the trans
compartment.
2.3.3. α-hemolysin monomer denaturation before channel formation
The α-hemolysin monomer was incubated in urea before pore
formation. We placed 0.30 nmol of monomeric α-hemolysin, incubated
in 4Murea, prepared in 1MKCl, 5mMHEPES pH 7.5, in the cis compart-
ment; the same volume of urea was added in the trans compartment.
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Solutions of native MBP protein were diluted at a ﬁnal concentra-
tion of 0.71 μM in 1MKCl, 5mMHEPES pH 7.5, containing various urea
concentrations (from 0 to 6 M). Solutions were incubated 4 h at 25 °C
before spectroscopic measurements. The ﬂuorescence emission
intensities were recorded at 345 nm, and the excitation wavelength
was 295 nm,with a spectral band of 2 nm. The experimental datawere
adjusted using a sigmoid curve.
2.5. Data acquisition
The ionic current through oneα-hemolysin channel wasmeasured
with an Axopatch 200B ampliﬁer. Data were ﬁltered at 10 kHz and
acquired at 5 μs intervals (200 kHz) with the DigiData 1322A digitizer
coupled with Clampex software (Axon Instruments, Union City, USA).
The measurements of the transients were based on the statisticalFig. 3. Single molecule analysis of unfolded protein pore entrance through different channel g
or with partially denaturatedα-hemolysin pore (right, panels b, d, f, h). Current traces throug
(a, b, c, d) and statistical analysis (e, f, g, h) of an example of themeasured current trace. Distr
lines are single exponential ﬁts (e, f, g, h), dashed line is a double exponential ﬁt (g, h).analysis of the current traces. Data were systematically checked for
reproducibility. The main difﬁculty of the data analysis is to separate
the pulses of electric current from the noise. We deﬁne a ﬁrst
threshold th1 as the average current of the open pore bI0N minus the
standard deviation σ of its distribution, th1=bI0N−2σ. We deﬁne a
second threshold th2 as the end of this distribution. Let i and j be two
points of the trace (ib j). The points between i and j are entered as a
transient if i and j are both above th1, all the points between them are
below th1 and the average of these points are below th2. The average
frequency of blockades is deduced from the distribution of the time
intervals Ti between two successive blockades. The average duration
of blockades is deduced from the distribution of blockade duration Tt.
The two blockade time distributions of independent events are
adjusted with 2 separate exponential functions, y=A1 exp (−t/τ1)
and y=A2 exp (−t/τ2) and with a double exponential function,
y=A1 exp (−t/τ1) and y=A2 exp (−t/τ2). All statistical analyses
were performed with the software Igor Pro (WaveMetrics Inc.).eometries. Experiments performed with nativeα-hemolysin pore (left, panels a, c, e, g)
hα-hemolysin pore inserted into a planar lipid bilayer in the presence of MBP at 0.71 μM
ibution of time intervals Ti (e, f), and distribution of blockade times Tt (g, h). Continuous
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3.1. Polyelectrolyte pore entrance by the vestibule side of the native or
partially denaturated channel
Dextran sulfate was used to probe the transport properties of
charged molecules through native protein pores without any denatur-
ating agent. We compare these properties to those obtained with a
partially denaturated pore.
With the native pore, themean currentmeasured is 90±11 pA and
many current blockades are visible (Fig. 1a, c). To separate the noisy
ionic current through one open channel and the pulses or current
blockades caused by DS molecules dwelling in the pore, a statistical
analysis of each current trace was made. The distribution of event
intervals Ti is exponential, the mean frequency is f=21±0.5 Hz (Fig.
1e). We have adjusted the distribution of event duration either with 2
separate exponential functions, the mean short time is t1=56±3.5 μs
(Fig. 1g), the long one is t2=166±11 μs (Fig. 1g), or with a double
exponential function where t1=45±4 μs (Fig. 1g) and t2=186±
42 μs (Fig. 1g). For all current traces, the mean data obtained for the f,
t1, t2 are reported in Table 1.
With the partially denatured pore, themean currentmeasuredwas
48±6 pA and few current blockades were observed (Fig. 1b, d). For
ohmic behaviour, the current through the nanopore is expected to be
inversely proportional to the pore length and proportional to the pore
diameter square. At 4 M urea concentration, the channel vestibule
domain is unfolded. The pore length is reduced by a factor 2 and the
pore diameter modiﬁcation in urea solution can be evaluated with the
diameter ratio dnative/ddenaturated α 2.8±0.44 [5]. As the pore diameterFig. 4. Single molecule analysis of unfolded protein pore entrance through a channel with α
denaturated α-hemolysin pore inserted into a planar lipid bilayer in the presence of unfolde
trace (c, d). The current level of the pore decreases at 61±9 pA. Part of the current trace de
intervals Ti (c) and distribution of blockade times Tt. Continuous lines are single exponential
formation. Urea at 4 M ﬁnal concentration is present in both compartments, cis and trans.at 4 M urea concentration is also reduced, the channel current
decreases. For partially denaturated vestibule, the mean frequency is
f=13±0.6 Hz (Fig. 1c), and the mean blockade durations are
t1=43±7 μs and t2=154±12 μs (Fig. 1h). For all current traces, the
average data obtained for the f, t1, t2 are reported in Table 1. The mean
event frequency decreases (Fig. 1f) which is in agreement with an
entropic contribution associated to the reduction of pore entrance
diameter by 4Murea treatment. Only the long blockade time is slightly
decreased and the short blockade time is unchanged, compared to the
native pore (Fig.1h).When the DSmolecules where added to the stem
side of the partially denaturatedpore,wehave also obtained a decrease
of the long blockade duration and the short blockade time is
unchanged (Table 1). The mean event frequency obtained at the
stemside entrywith the partially denaturated pore and native pore are
the same (Table 1). The decrease of the long blockade time (t2) could
be consistent with a reduction of pore length due to urea denaturation
of the vestibule, and could be due to a translocation event. The
populations of short events (A1) and long events (A2) correspond to
different blockade currents (Fig. 5a, b). With native or partially
denaturated channel, the population of short events is always higher
than that of long events (Table 1). The short events correspond to the
smallest current blockades and might be related to a straddling time
between the polyelectrolyte chain and the channel. The long blockade
events are correlated to high pore blockade current. Recently, with the
native protein pore, we have performed experiments using DS of
different lengths. Themean long blockade duration increaseswhen the
molecular weight of the polyelectrolyte increases, and the short one is
similar [9]. The long-lived blockades might be associated with
polyelectrolyte translocation through the pore.-hemolysin incubated in urea before pore formation. Current trace, through a partially
d MBP at 0.71 μM (a, b) and statistical analysis of an example of the measured current
creases up to 35 pA when an unfolded protein is in the pore (a, b). Distribution of time
ﬁts (c, d). Alpha-hemolysin monomers were incubated in 4 M urea solution before pore
The applied voltage is V=+100 mV.
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partially denaturated channel
The unfolding process of MBP by urea was followed by tryptophan
ﬂuorescence that monitors the overall tertiary structure of the protein
(Fig. 2).We observed a sigmoidal decrease of the ﬂuorescence intensity,
at 345nm, as a function of urea concentration (Fig. 2b). Theﬂuorescence
intensity was constant over the range of urea concentration from 3.9 M
to 6 M, which suggests the MBP molecules were unfolded under those
conditions. With urea, we cannot directly compare the transport of
unfolded protein through the native and partially denaturated α-
hemolysin pores because the urea concentration required to completely
unfold the MBP protein is 3.9 M (Fig. 2b). At this concentration the
vestibule of the channel is completely unfolded [5]. We have previously
observed that at a guanidium chloride concentration of 1.3 M, the
protein channel is not unfolded, but the protein, MBP, is completely
unfolded [20]. In our present work, we compare the unfolded protein
entry through the native pore, in 1.3 M guanidium chloride, and the
partially unfolded channel, in 4 M urea, performed under two different
experimental conditions, either the α-hemolysin pore is formed before
urea denaturation, or theα-hemolysinmonomer is incubatedwith urea
prior to insertion into the lipid bilayer.Fig. 5. Scatter plots of blockade duration versus blockade current for polyelectrolyte DS (left)
unfolded pore protein (lower panel).With the native pore, themean currentmeasuredwas 105±13.6 pA.
Many current blockades were visible (Fig. 3a, c). The mean frequency
of blockades was f=209±2 Hz (Fig. 3e). We have adjusted the dis-
tribution of events with 2 separate exponential functions (Fig. 3g), the
mean short time was t1=33±0.5 μs and the long one was t2=190±
12 μs, or with a double exponential function, t1=33±1.5 μs and
t2=238±49 μs (Fig. 3g). For all the current traces, mean data are
reported in Table 1.
With the partially unfolded pore and denaturing agent added after
insertion of hemolysin into the bilayer, the mean current decreased at
a value of 45±10 pA (Fig. 3b, d). The frequency of molecule entry
decreased, f=75±2 Hz for the current trace (Fig. 3f), and the two
blockade durations increased t1=179±6 μs and t2=444±59 μs
(Fig. 3h) (Table 1). The transport of unfolded proteinwas studied with
the partially denaturated pore obtained following the second
protocol: the α-hemolysin monomer was incubated in 4 M urea
before pore formation (Fig. 4). We have also observed a decrease in
the frequency of blockades, f=73±2 Hz (Fig. 4c) and an even more
important increase of blockade durations t1=379±3 μs and
t2=607±10 μs (Fig. 4d and Table 1).
The frequencyof protein entry into thepartially denaturated channel
is of the same order when the pore is formed before (◊) or after urea, and for unfolded protein MBP (right), with native pore (upper panel) or with partially
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(Table 1). This result is consistent with an entropic contribution
associated to reduction of the pore diameter due to the urea vestibuleFig. 6. Single molecule analysis of unfolded protein at the stem pore entrance. Determinati
potential (b), the vestibule domain of the channel is on the trans side. Current trace when th
blockade events (d). Current histogram (e) showing the empty current pore (1) and 2 type
Distribution of time intervals Ti (g) and distribution of blockades times Tt (h). Continuous
applied voltage is V=+100 mV.denaturation. A similar frequency decrease between the native and
partially denaturated porewas obtained for DS. Both blockade durations
(t1 and t2) of unfolded protein obtained with the channel formed in 4Mon of an α-hemolysin pore insertion into the lipid bilayer by I–V curves (a) or at ﬁxed
e proteins are entering by the stem side (c). Detail of a current trace showing 2 types of
of blockade events (2, 3). Scatter plots of blockade duration versus blockade current (f).
lines are single exponential ﬁts (g, h), dashed line is a double exponential ﬁt (h). The
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rated after its insertion into the bilayer (Table 1).
With the native pore, themean short time (t1) for unfolded protein
is similar to that obtained for the polyelectrolyte with native or
partially unfolded pore (Table 1). This short time, as suggested for DS,
might be associated to a straddling time between the protein and the
pore. Themean long time (t2) – the only increasing with the DS length
[9] and decreasing with pore length (Table 1) –might be associated to
a translocation time of the unfolded protein or to an interaction time
between the unfolded protein and the channel. The population of
short events corresponds to the smallest blockade current level, and
the long one is correlated to high pore blockade level (Fig. 5b).
With the partially unfolded pore, we do not observe the very short
time obtained for unfolded proteins with the native channel. More-
over, the mean shortest time (t1) and the mean longest time (t2)
increases for the partially denaturated pore by both methods (after
and before insertion) compared to the native pore. This phenomenon
is probably due to the attractive interaction between the unfolded
pore domain and the unfolded MBP. Therefore, the denaturated
protein might stick to the partially denatured pore. With the channel
incubated in urea before insertion, these shortest and longest times
increase even more (Table 1), suggesting a highest denaturation level
of the channel, for which the vestibule is completely unfolded and the
stem is probably partially denatured and might increase MBP
interaction with the channel.
3.3. Polyelectrolyte and unfolded protein pore entrance by the stem side
of the native channel
The orientation of an asymmetric channel inside a lipid mem-
brane is classically demonstrated by the variation of the current as a
function of applied voltage. As the conductance is higher at negative
applied voltage than at positive one, with a non linear transition
around zero, the vestibule domain of the pore is orientated into lipid
bilayer on the trans compartment (Fig. 6a, b). We probe the
molecules entering into the stem side of the channel. The mean
current is about 69±7 pA (Fig. 6e) and current blockades (Fig. 6c, d)
are observed when the unfolded MBP proteins are entering the stem
side. The distribution of event intervals Ti is exponential, the mean
frequency is f=63±1 Hz (Fig. 6g). Event frequency is decreasing
twice when molecules enter by the stem side of the α-hemolysin
pore (Table 1). We have observed a same order decrease with a
partially denatured pore at the vestibule entrance (Table 1). The α-
hemolysin channel is negatively charged at the stem entrance and
positively charged at the vestibule entrance [33] and the MBP protein
is slightly negatively charged, the net charge is Z=−8. Since the
stem diameter is smaller than that of native vestibule entrance or
unfolded vestibule, the main contribution for unfolded MBP entry is
entropic. Consequently, the frequency of the entry of unfolded
proteins by the stem side decreases. When the polyelectrolyte chain
is entering the pore by the stem side, the frequency of pore blockades
decreases markedly to 0.7±0.5 Hz (Table 1). At the vestibule side of
the native and partially denaturated pore, the mean frequency of DS
entry decreases by a factor 2. Since DS is highly negatively charged
molecule (the net charge is Z=−62) and the applied electrical ﬁeld
drives the molecules across the channel, we show a direct electro-
static repulsion effect when polyelectrolyte chains are entering by
stem side, negatively charged.
For the unfolded MBP protein (Fig. 6h) and DS chains, two kinds of
mean blockade duration are observed (Table 1). The population of
short events is larger than that of long events for the entrance at the
pore stem side (Table 1). For the molecules entering the stem side, the
ratio between short and long events decreases respectively by a factor
58 and 4 for the MBP and for the DS compared to the vestibule side
entrance (Table 1). The two kinds of events give two different mean
blockade current levels (Fig. 6d, e) corresponding to two differentpopulations of events duration (Fig. 6f). One kind, with long duration
and high mean blockade current level, and the other one, with short
duration and medium mean blockade current level (Fig. 6d, f). The
two mean blockade durations for each molecule are similar at both
side entrances of the pore (Table 1). We do not observe the very long
blockades found only in experiments with unfolded proteins and
partially denaturated pore. These results are compatible with a
possible short straddling time between the molecule, polyelectrolyte
or unfolded protein, and the native pore and a possible long
translocation time.
We have clearly shown that, for unfolded protein and polyelec-
trolyte pore entrance, the event frequency and the blockade duration
depend on pore geometry. This study shows for each molecule, a
direct entropic effect whenmolecules are entering by both sides of the
channel and also an electrostatic effect when using a polyelectrolyte.
The short and long blockades at the pore entrance, are also a function
of the pore structure.
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